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ABSTRACT 
 
Abdellatif, M. Mohamed M.S., Department of Chemistry, Wright State University, 2008. 
Poly(arlyene ether)s with Truly Pendant Benzene Sulfonic Acid Groups. 
 
 
 A series of new sulfonated poly(arylene ether)s containing one sulfonic acid group, 
located on a pendant phenyl sulfonyl moiety,  at every repeat unit was synthesized using 
3-sulfonated-3’, 5’-difluorophenyl Sulfone, 4, and a variety of bisphenols. A 
conventional nucleophilic aromatic substitution (NAS) was utilized for the 
homopolymerization and copolymerization reactions. Polymerization reactions of 4 in 
NMP at 180 oC provided the corresponding linear sulfonated poly(arylene ether)s, s-
PAEs, with number average molecular weight, Mn, ranging from 10,000 to 38,000 
Daltons. All of the polymers were characterized by 1H and 13C NMR spectroscopy, 
thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). The Tg 
values ranged from 264 oC to 296 oC for the salt form and 183 oC to 240 oC for the acid 
form. The Td5% values ranged from 311 oC to 472 oC for the salt form and 307 oC to 367 
oC for the acid form.  All of the samples possessed excellent thermal stability. 
Furthermore, higher accessibility of the sulfonic acid groups was evident by observing 
increased solubility in hot water, which is presumed to construct a more efficient 
conductive pass way, thus increasing the proton conductivity of the newly developed 
systems.  The polymer samples also formed tough peelable films when DMSO solutions 
were slowly evaporated on a glass slide. These new sulfonated polymers possess good 
properties and are excellent candidates for proton exchange membrane in fuel cell 
applications. 
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I. Introduction 
 
 Over the past decade humans have become extremely dependent on fossil fuels 
for the production of energy. Fossil fuels are used for the majority of our current energy 
production. No other material can come close to the enormous impact in which fossil 
fuels have on our lives today. Fossil fuels are now used in every aspect of our lives such 
as industrial, agriculture, and transportation systems. With the increasing world 
population and the expansion of many world markets, such as China and India, and our 
ever-growing need for energy, our dependency on fossil fuel is now greater than it has 
ever been.  
 While there are many opinions and skeptics that doubt that there is anything that 
can wean us away from our dependency on fossil fuels, it is becoming clear that 
alternative forms of energy are needed. As time passes the need to find alternative 
sources for energy production is not only becoming greater, it is becoming a necessity to 
the continued existence of life. Great efforts are being undertaken by both industrial and 
academic research to find alternative energy sources such as solar, wind, nuclear and fuel 
cells. 
 Fuel cells are quite attractive because of their clean way of producing electricity. 
They have zero emissions, high fuel efficiency, low noise, and diverse applications2.  
Some of the disadvantages accompanied with fuel cells are their high cost, low power 
density, and durability issues. The high cost of a fuel cell is a result of using specialized 
components such as precious metals at the anode and cathode in order to carry out the 
2 
oxidation and reduction reactions. Thus, when constructing a fuel cell certain measures 
must be taken to reduce the cost and increase the reliability of the cell. 
 Fuel cells operate in an analogous manner to batteries by converting chemical 
energy to electrical energy without the use of combustion. The main difference between 
fuel cells and batteries is that batteries run out and become depleted, although some can 
be recharged1. Fuel cells provide a continuous supply of electricity as long as a 
continuous fuel source, such as hydrogen or methanol, is provided and a source of 
oxygen is readily available2,3. The single step conversion of chemical energy to electrical 
energy allows for greater efficiencies, up to 80 %, compared to a maximum efficiency of 
30% from a common combustion engine.  
 As illustrated in scheme 1 a typical fuel cell consists of an anode, cathode and an 
electrolyte. Oxidation occurs at the anode where hydrogen is oxidized into protons and 
electrons are generated. The electrons are passed through an external circuit while the 
protons are conducted through a proton exchange membrane4 onto the cathode where 
oxygen is reduced to form water and heat as the only byproducts5.  
 
Scheme 1 
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 Six different types of fuel cells are currently under investigation and they are 
categorized by the electrolyte used: 1) direct methanol (MFC) or 2) hydrogen fueled 
proton exchange membrane Fuel Cells (PEMFC), 3) solid oxide fuel cells (SOFC), 4) 
phosphoric acid fuel cells (PAFC), 5) alkaline fuel dells (AFC) and 6) molton carbonate 
fuel cells (MCFC).  
 Proton exchange membrane fuel cells are mostly investigated by academic and 
industrial research because of their relatively small size and low weight, which make 
them best suited for portable and automotive applications. Also they operate at moderate 
temperatures (60-120oC), which allows for a fast start up and shut down time3,6,7.  
 
 Background Information 
 PEMFC were first developed in the early 1960’s, through the work of Thomas 
Grubb and Leonard Niedrach. They were incorporated into NASA’s project Gemini in 
the early days of the U.S. piloted space programs1,8. In the 1970’s, the U.S. Navy 
developed an oxygen generating plant by the use of proton exchange membrane (PEM) 
water electrolysis technology for undersea life support. In the 1990’s, PEMFCs were 
seriously considered for terrestrial transportation applications9. In 1995, Ballard systems 
tested PEM cells in buses in Vancouver and Chicago followed by experimental vehicles 
made by Ford, GM and DaimlerChrysler9. 
 The proton exchange membrane, PEM, is considered one of the most important 
components of a PEMFC. The electrolyte of a PEMFC consists of an ionic polymer 
membrane which serves to conduct protons as well as preventing oxidant and fuel from 
mixing, a process called fuel cross-over4. In order for a PEM to be considered for use in 
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fuel cell applications it must fulfill certain requirements including10-17: 1) high proton 
conductivity (S/cm), 2) low fuel and water permeability, 3) mechanically robust at higher 
temperatures, 4) high chemical, electrochemical and oxidative stability, 5) competitive 
price. Therefore any new PEM material that exhibits these characteristics must also be 
easily synthesized and cost efficient to be feasible as a replacement for existing PEM 
materials 
 Proton conductivity is measured in units of Siemens per centimeter (S/cm). Proton 
conductivity is directly proportional to Ion Exchange capacity (meq/g), (IEC), and 
Equivalent Weight (g/mol), (EW). IEC is defined as the milliequivalents of acid groups 
per gram of polymer, while the EW is defined as the mass of polymer affiliated with the 
acid group (g/mol). IEC and EW are inversely related, thus a high IEC corresponds to a 
low EW, both of which should lead to higher conductivity values. 
 Proton conductivity in the sulfonated membranes is highly dependent on the 
amount of water present in the membrane. They become conductive when hydrated. 
Researchers have investigated the minimum amount of water molecules needed to 
conduct protons. Some have shown that at least 6-7 water molecules are needed for every 
sulfonic acid moiety in order to generate reasonable conductivities for PEM 
applications20-22. Thus, hydration of the ionic polymers is necessary. Unfortunately, the 
ionic polymer membranes such as sulfonated poly(arylene ether sulfone)s (s-PAES) are 
very hydrophilic which causes some of these materials to lose some of their mechanical 
properties at high levels of hydration. Furthermore, at higher hydration states the ionic 
membranes swell considerably resulting in significant stress on the system. Thus, 
membrane swelling must be controlled for efficient PEM applications. 
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The percent of membrane water uptake can be measured by the following equation: 
Water uptake = (Wwet – Wdry)/ Wdry x 100% 
 Where Wwet is defined as the wet weight, which will be measured by equilibrating 
the membrane in de-ionized water at roon temperature and weighing the sample 
immediately after removing any residual water on the film surfaces. Wdry is defined as the 
dry weight of the membrane. This is typically measured by drying the sample at 120 oC 
for 1hr and then weighing. 
 The most widely studied systems for PEM applications are perfluorinated 
copolymers, such as Nafion, that carry sulfonic acid groups. Because of their high 
chemical and thermal stability, they are attractive for PEM applications. E.I. DuPont de 
Nemours first developed Nafion for space exploration programs in the late 1960s18. The 
structure of Nafion is illustrated in Figure 1. 
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Figure 1. Nafion structure  
 
 It received large attention as a proton conductor for PEMFC due to its selectivity, 
low water permeability, as well as excellent thermal and mechanical stability of the 
membrane. Nafion is considered to be the “gold standard” membrane for PEMFC 
6 
applications. It is a highly fluorinated system which allows for a high ratio of sulfonic 
acid groups on its conducting membrane. The IEC value for Nafion 117 is 
0.91(meq./gram)19, the conductivity is relatively high because of its pendant sulfonic acid 
groups.  These materials displayed excellent proton conductivities ranging from 90-120 
mS/cm at temperatures below 80 oC and relative humidity ranging from 34-100%15. 
 Even though Nafion is the most commonly used material for PEMs, some 
limitations exist including: 1) its high cost because of the highly fluorinated structure23-25 
and 2) a maximum operating temperature of 80oC which limits the efficiency of the 
catalysts. Platinum catalysts can easily be poisoned by the presence of any traces of 
carbon monoxide, CO, which is often present as an impurity in the fuel. Increasing the 
operating temperature to 120 oC greatly reduces the opportunity for CO poisoning3. In 
turn, this will increase the lifetime of the cell as well as giving more flexibility to the type 
of fuel used. Thus, new membranes that exhibit high thermal and chemical stability at 
temperatures above 120 oC are currently under investigation.  
 
 Alternatives to Nafion 
 Due to their interesting properties sulfonated poly(arylene ether)s, s-PAEs, have 
been widely studied as an alternative to Nafion. PAEs are engineering thermoplastic 
materials, which exhibit excellent thermal and mechanical properties, relatively good 
resistance to hydrolysis and oxidation, and, depending on the structure of the backbone of 
the polymer, moderate glass transition temperatures ranging from 180- 250oC are 
obtainable40, This combination of properties has enabled them to become perfect 
candidates for PEM materials10.  A variety of sulfonated PAEs have been investigated as 
7 
alternatives to Nafion.  Examples include Sulfonated poly(arylene ether sulfone)s, s-
PAES10,26-39, and sulfonated poly(ether ether ketone)s, s-PEEK39-41. A generic structure of 
a s-PAE is given in Figure 2. 
O* X O Y *
n
SO3H
HO3S
X = nil, isopropylene, etc.
Y = SO2, CO, etc.  
Figure 2: Generic structure of a sulfonated PAE  
Sulfonated Poly(arylene ether sulfone)s, s-PAE  
 The synthesis of PAEs is generally carried out by nucleophilic aromatic 
substitution, NAS (Scheme 2). This process is only feasible because of the presence of a 
strongly electron withdrawing group and either choride or fluoride as a leaving group. 
Common electron withdrawing groups used in PAEs synthesis include the phosphoryl, 
sulfone and ketone groups that withdraw electron density away from the activated carbon 
(electrophile). The presence of the halogen as the leaving group further induces the 
reactivity of the electrophile by inductively withdrawing electron density away from the 
activated carbon, thus making it more susceptible to attack by a nucleophile.  
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Scheme 2 
 
X YY + Ar OHHO
Dipolar Aprotic Solvent
X OY Ar O H
n
Base
X = CO, SO2 and RPO
Y = F or Cl  
 As demonstrated above, PAE step growth polymerization is generally carried out 
by NAS reactions where the dihalides (fluorides or chlorides) are reacted with a variety 
of different bis-phenols. 
  One of the most widely investigated class of polymers for PEM applications are 
the sulfonated poly(arylene ether sulfone)s, s-PAES. Hundreds of research articles have 
described the investigations of these polymers. Furthermore, some researchers were able 
to prove that a number of these systems showed proton conductivities comparable to that 
of Nafion. For the preparation of the sulfonated analogues the sulfonic acid group can be 
introduced at the polymer stage (post-polymerization), by using fuming sulfuric 
acid26.35.36, followed by hydrolysis or at the monomer stage (pre-polymerization)46-48. 
 In the post polymerization process up to two sulfuric acid groups are substituted 
on the electron rich bisphenol moiety resulting in less acidic membranes (scheme 3); 
higher pKa values for the acid groups. Therefore, the stability of the conjugate base is 
greatly reduced due to the presence of a strong electron donating group resulting in 
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lowering the proton conductivity of the membrane. Furthermore, the presence of the 
sulfonic acid group ortho to the more electron rich aromatic ether linkage causes the 
polymers to become more vulnerable to degradation.  At high ratios of acid to polymer 
cross-linking might occur during the sulfonation process. 
Scheme 3 
DCDPS
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 Alternatively, the pre-polymerization sulfonation technique enhances the acidity 
of the membrane by adding the sulfonic acid groups on both electron poor rings ortho to 
the chlorine moiety. Thus allowing every repeat unit to contain two acid groups, which 
increases the acidity, and consequently increasing the IEC and proton conductivity of the 
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membrane after polymerization. However, due to the fully sulfonated polymer being 
soluble in water, a 50/50 copolymer is required. 
 Introduction of the sulfonic acid group at the monomer stage is achieved by 
sulfonation of the 4,4’-dichlorophenyl Sulfone monomer DCDPS resulting in the 
substitution of two acid groups on the sulfone ring (electron poor aromatic ring) to 
produce 3,3’ disulfonated-4,4’-dichlorodiphenyl Sulfone, SDCDPS26,35-37. Once the 
sulfonated monomer is obtained, the monomer is reacted with a variety of different bis-
phenols. This process is illustrated in scheme 4 with bis-A.   
Scheme 4 
SDCDPS
SCl Cl + HO C
CH3
CH3
OH
Bis-A
K2CO3
NMP/Toluene
SCl O C
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 Sulfonated PAES showed very promising results as an alternative to Nafion 
reported by McGrath et al. s-PAES membranes were prepared using a variety of different 
bis-phenols. They showed IEC ranging from 0.88 to 2.2 mequiv/g36. The proton 
conductivities for two of their samples range from 10 to 170 mS/cm, which exceeds that 
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of Nafion. However, it was observed that higher IEC membranes possessed higher water 
solubility. 
 Further investigations on s-PAES have led Dang and Bai49 to increase the proton 
conductivities of these membranes.  The polymerization of 100 mol % of the 3,3’ 
disulfonated-4,4’-difluorodiphenyl Sulfone, SDFDPS, with a bis-thiophenol derivative 
showed a dramatic increase in conductivity values compared to that of Nafion. Their 
polymer showed a proton conductivity value of 360 mS/cm at 85% humidity and 65oC, 
which is significantly higher then that of Nafion, (80 mS/cm ), under the same 
conditions49. 
 Although, s-PAES membranes have revealed great thermal and mechanical 
properties as well as improved proton conductivities compared to that of Nafion, 
investigations on these systems have shown that the backbone of the polymer is 
vulnerable to hydrolysis and oxidation due to the presence of two strong electron 
withdrawing groups (sulfonic acid and sulfone group) in the ortho and para positions 
relative to the aryl ether bonds, respectively50-54.  Furthermore, these polymers showed 
higher proton conductivities at elevated IECs, which increases water uptake of these 
membranes thus leading to loss of mechanical properties that are not suitable for PEMFC 
applications. These discoveries have led researchers into looking at ways to improve the 
overall stability of these membranes. Some believe that placing the sulfonic acid group 
pendant to the backbone of the polymer will enhance the stability of the membrane50-54.  
Pendant versus Backbone Substitution 
 Placing the acid group in a truly pendant position to the main chain is believed to 
enhance the nanophase separation between the hydrophilic and hydrophobic domains 
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resulting in higher accessibility of the acid moiety. Thus a more efficient conducting 
pathway will be produced55.  The resulting s-PAEs possessed high thermal and oxidative 
stabilities. Good proton conductivities at elevated temperatures were observed50-54, 56. 
Examples of monomers that allow an acid group to be incorporated as a pendant moiety 
are tri- and tetraphenyl methane53, 54, and 9,9-bis-(4-hydroxyphenyl) fluorine52.  Please 
note that the SO3H groups are added during a post-polymerization sulfonation step. 
H
R
O
R
R
O
R
R
O
R
R
O
R
OO
Sulfonated-9,9-bis-(4-hydroxyphenyl)fluorene
Sulfonated-triphenyl methane
R = H or CH3
Sulfonated-tetraphenyl methane
R = H or CH3
SO3H
SO3H
SO3H
SO3HHO3S
 
Figure 3.  Examples of PAEs prepared from bis-phenol monomers designed to afford pendant 
sulfonic acid groups.  Sulfonic acid groups are introduced on the pendant phenyl rings after the 
bisphenol is incorporated into the PAE. 
 
 All of the polymers shown in Figure 3 are bis-phenols resulting from introducing 
the sulfonic acid group to the electron rich phenyl rings (post sulfonation). This is 
presumed to reduce the acidity of the membrane compared to that with the same group 
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present on the electron deficient phenyl rings.  However, placing the SO3H group on the 
pendant rings should allow it to be more accessible.   By comparison, introduction of the 
acid group on an electron poor pendant phenyl ring should enhance the acidity of the 
system. Therefore higher proton conductivity could be achieved. 
   Very few studies on s-PAES have been conducted in which the sulfonic acid 
groups are located on the pendant phenyl groups, however, those studies have shown 
relatively high proton conductivity values. Jannasch reported proton conductivity values 
for sulfophenoxybenzoyl polysulfone, PSU-sphb, and sulfonaphthaoxybenzoyl 
polysulfone, PSU-snb, bearing an acid group pendent to the main chain in the range of 
11-32 mS/cm at 120 oC, with IEC values of 0.57- 1.02 meq/g respectively as illustrated in 
figure 455.   
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Figure 4: structure of sulfophenoxybenzoyl PSU (PSU-sphb), and sulfonaphthoxy-
benzoyl PSU (PSU-snb)55.  
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 A more recent study by Guiver reported the synthesis of newly developed comb-
shaped copolymers with two or four acid groups pendent to the main chain showing high 
proton conductivities ranging from 34-147 mS/cm and 63-125 mS/cm, with IEC values 
of 1.23- 2.03 meq/g, respectively, as illustrated in figure 557. These polymers showed low 
methanol permeability and low water uptake. They also showed high thermal and 
oxidative stability at elevated temperatures.  
15 
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Figure 5: Representations of rigid polyaromatic backbone with pendant side chains 
containing two sulfonic acid groups, and with branched pendant side chains containing 
four sulfonic acid groups.   
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Current Project 
Functionalized Poly(arylene ether)s with Truly Pendant Conducting Groups 
 This research project has focused on providing answers to two fundamental 
questions associated with sulfonated PAE systems. First, which is the best position for 
the conducting group - on the backbone or truly pendant?  Second, what is the optimum 
microstructure for the sulfonic acid groups - random or evenly distributed along the 
polymer chain?  These two questions were probed by synthesizing two geometric isomers 
of the well studied 50/50 copolymer of SDFDPS and DFDPS as outline in Figure 6. 
A newly developed PAE bearing a truly pendant phenyl sulfonyl group58 provided 
the opportunity to introduce the sulfonic acid group on an electron poor pendant moiety.  
A direct comparison of pendant versus backbone sulfonation was achieved by the 
synthesis of 3-sulfonated-3’,5’-difluorodiphenyl Sulfone and 3-sulfonated-4,4’-
difluorodiphenyl Sulfone.  Polymerization of either of these monosulfonated monomers 
with a variety of bis-phenols give rise to the geometric isomers of the 50/50 copolymer of 
SDFDPS and DFDPS and all of the polymers will possess identical IEC and EW values.  
A direct comparison of random versus evenly spaced sulfonation sites will be afforded by 
comparison 3-sulfonated-4,4’-difluorodiphenyl sulfone with the same 50/50 copolymer. 
17 
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Figure 6: Comparison of the effects of incorporating the proton conducting group on the 
backbone or in a truly pendant position. 
 
The sulfonated PAEs with truly pendant sulfonic acid groups are expected to 
provide some key advantages over the currently available materials including: 1) higher 
proton conductivity because of the presence of the acid group on the pendent phenyl 
sulfonyl moiety allowing the system to be more accessible and have higher acidity due to 
the increased stability of the conjugate base, 2) higher stability to oxidation and 
hydrolysis due to the lack of two highly electron withdrawing groups in the backbone of 
18 
the polymer, 3) high loadings of conducting groups with one acid group at every repeat 
unit.  
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II. RESULTS AND DISCUSSION 
  
Monomer Synthesis 
3-Sulfonated-3’,5’-difluorophenyl Sulfone, 4 
 The synthesis of 4 was achieved via electrophilic aromatic substitution35 on 3,5-
difluorophenyl sulfone 1, in fuming sulfuric acid as illustrated in scheme 5.  The reaction 
was carried out at 40 oC for 6 hours, which afforded a homogeneous reaction solution. 
The reaction mixture was then diluted with water and the organic material was 
precipitated by the addition of NaCl. Because of intermolecular forces between water and 
NaCl, the more soluble NaCl goes into solution forcing out the less soluble organic 
material (product). The precipitate was then isolated via filtration, re-dissolved in water 
and then neutralized with sodium hydroxide to a pH of 6-7 while keeping the solution in 
an ice-cold water bath.  The ice bath was utilized to prevent any hydroxide ions attacking 
the activated halide to produce unwanted side products such as phenolic impurities. The 
strong acid-base reaction of the sodium hydroxide with the acidic proton of the sulfonic 
group allowed for quantitative exchange from the acid to salt form. A monomer grade 
product was obtained in good yield (67%) after recrystallization from 250 mL (9:1) 
isopropanol: water. The pure, recrystallized product was dried under vacuum and its 
identity was confirmed by 1H, 13C, and 19F NMR spectroscopy. The 1H and 13C NMR 
spectra for 4 are shown in Figures 7a and 7b, respectively. 
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Scheme 5 
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Figure 7a: 300 MHz 1H NMR (D2O) spectrum of 4 
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 From the proton spectrum of 4 the integration in the aromatic region shows the 
correct ratio of 1: 2: 1: 2: 1 and five distinct peaks are observed in the aromatic region as 
expected. Proton a appears as a triplet of triplets around 7.3 ppm due to the fluorine and 
proton b couplings. Protons b also show up as a multiplet around 8.15 ppm because of 
the fluorine and proton a coupling, the signal appeared further down-field because of the 
presence of the sulfone group ortho to proton b.  Proton c appeared as a triplet around 
8.37 ppm because of the weak coupling from protons d and f. Proton c was furthest down 
field because of the presence of the strong electron withdrawing groups (sulfone group 
and sulfonic acid group) ortho to it as expected. Finally protons d and f appeared as 
overlapping signals at 7.65 ppm; this is expected as both protons are located in 
chemically similar environments. They thus appear to be an overlap of two doublets, 
which will be expected because of the strong coupling to proton e.  
 
 
Figure 7b: 75.5 MHz 13C NMR (D2O) spectrum of 4 
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 Ten 13C NMR signals for 4 were assigned using the relative chemical shifts and 
splitting patterns. Carbon a was easily recognized as a triplet at 110 ppm because of the 
strong coupling to the two fluorine atoms in the ortho positions. Carbon b was found as a 
wide doublet of doublets at 161-164.5 ppm due to the coupling with the fluorine attached 
to the carbon and the fluorine in the meta position. Carbon c was found at 112 ppm as an 
unusual doublet of doublets due to the splitting of both fluorine atoms in the ortho and 
para positions. Carbon d was found at 142 ppm as a triplet due to the coupling with the 
two meta fluorine atoms. Carbons e, f, g, h, j, and i were all identified as singlets and 
were found at 144,131.3, 131, 124.5, 130.5, 139.5 ppm, respectively.  
3-sulfonated-4,4’-difluorophenyl sulfone, 8 
 The synthesis of 8 was achieved via electrophilic aromatic substitution35 on 4,4’-
difluorophenyl sulfone, DFDPS, in fuming sulfuric acid as illustrated in scheme 6. To 
afford only mono-substituted product a ratio of 1: 0.9 of DFDPS to fuming sulfuric acid 
was necessary to only substitute one acid group. The reaction was carried out at 70 oC for 
20 hours, which afforded a homogeneous reaction solution. The reaction mixture was 
then diluted with water and the organic material was precipitated by ”salting out”. The 
precipitate was then isolated via filtration, re-dissolved in water and then neutralized with 
sodium hydroxide to a pH of 6-7 while keeping the solution in ice-cold water bath. Many 
efforts have been taken to recrystallize the monomer; unfortunately we were unable to 
purify it. Its identity was confirmed by 1H NMR spectroscopy. The 1H NMR spectrum for 
8 is shown in Figure 8. 
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Scheme 6 
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Figure 8: 300 MHz 1H NMR (D2O) spectrum of 8 
 From the proton spectrum of 8 the integration in the aromatic region shows the 
expected ratio of 1: 1: 2: 1: 2 and five distinct peaks were observed. Proton a appears as a 
doublet of doublets (more of a triplet) around 7.35 ppm due to the fluorine and proton b 
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couplings. Protons b showed up as doublet of doublets around 8.05 ppm because of the 
fluorine and proton a coupling; the signal appeared further down-field because of the 
presence of the sulfone group ortho to proton b.  Proton c appeared around 8.17 ppm as a 
complex multiplet because of the coupling from protons e, d and the fluorine meta to it. 
Proton c was further down-field because of the presence of the strong electron 
withdrawing groups (sulfone group) ortho to it. Proton d appears as a doublet of doublets 
at 8.35 ppm. Proton d appeared furthest down-field due to the presence of two electron 
withdrawing groups (sulfone and sulfonic acid goup) ortho to it as expected. Finally 
proton e is observed at 7.51 ppm as a triplet due to the coupling from the ortho fluorine 
and proton c as anticipated.  
 As illustrated in Scheme 6, 8 is the geometric isomer of 4. Synthesis of 8 was 
designed to allow a direct comparison of two isomeric systems where 4 is bearing the 
acid group in the pendant position while 8 is bearing the acid group on the backbone of 
the polymer at every repeat unit. Thus, the influence of the acid group position on the 
proton conductivity, water uptake and stability for the corresponding PEM can be 
studied.  Therefore, polymerization of 8, with a variety of bisphenols will provide a series 
of sulfonated PAEs that contain identical IEC and EW to those prepared from 4, thus 
providing the ability to compare, directly, the effects of acid group location on membrane 
performance.   
Homopolymer, 5a-d, Synthesis and Characterization  
 Nucleophilic aromatic substitution polycondensation (Scheme 7) was utilized to 
synthesize high molecular weight sulfonated poly(arylene ether)s bearing pendant phenyl 
sulfonyl groups with sulfonic acid moieties located in the meta positions of the pendant 
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moiety.  The polymerization reactions were carried out using a “one pot reaction” under 
static flow of nitrogen. The presence of 2.5 equivalents of K2CO3 allowed the conversion 
of the phenols to the corresponding phenoxides required for the NAS reaction. The 
reaction mixture was heated to 150 oC for the first 4 hours using toluene to dehydrate the 
reaction system. The toluene was then drained and the temperature of the system was 
slowly increased to 180 oC and held there for 16 hours. An additional 5 mole percent of 4 
was added and the mixture was heated for 2 more hours. The reason for the addition of 5 
mol % of 4 at the end of the reaction was to balance out the one-to-one stoichiometry due 
to the high hygrophilicity of 4 as mentioned below. 
 In order to produce high molecular weight polymers certain requirements need to 
be satisfied such as: one-to-one stoichiometry, high monomer and reagent purity and very 
high (> 99 %) conversions. Because of the hygroscopic nature of 4, addition of 5-weight 
% extra of 4, at the end of the reaction allows the system to compensate for any error 
affiliated with the stoichiometry of the reaction mixture.   This is important when 
considering the degree of polymerization, DP, equation shown below: 
DP = 1/ (1- p) 
Where p is the degree of conversion. Thus the higher the purity of 4, the higher the DP 
will be. Therefore, 5% addition takes care of the one-to-one stoichiometry and the high 
conversion associated with the reaction. 
 These reaction conditions were successful to produce high molecular weight 
polymers using a variety of bisphenols such as: 4,4’-biphenol, 4,4’-diphenyl ether, 
bisphenol A and bisphenol AF. The high molecular weight sulfonated polymers were 
isolated by precipitating from vigorously stirred methanol for (4,4’-biphenol and 
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diphenyl ether) and deionized water for (Bis A and Bis AF) after diluting the viscous 
reaction mixture with 5 ml NMP. 
Scheme 7 
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Copolymer, 6, Synthesis and Characterization  
 The synthesis of a 50/50 copolymer was carried out in an effort to reduce the 
solubility issues associated with the homopolymers, which will be discussed in the 
following section. The same procedure described above was utilized for the synthesis of a 
copolymer consisting of a 50: 50 mixture of 4 and 1. Only one polymerization reaction 
was carried out using 4,4’-bisphenol. The reaction sequence is illustrated in scheme 8. 
The relatively high molecular weight (Mn= 13,597 Dalton) copolymer was precipitated as 
chunks from deionized water after diluting the reaction mixture with 5 ml NMP. 1H and 
13C NMR spectroscopy were used to characterize this polymer.  
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Scheme 8 
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 After drying the polymers under vacuum for 48 hours in a drying pistol at 111°C 
using toluene as the drying solvent, Size Exclusion Chromatography (SEC) analysis was 
utilized to determine the number average molecular weight, Mn, average molecular 
weight, Mw and PDI for all of the polymers and the results are compiled in table 1.   
 
 
 
28 
Table 1: Mw, Mn, PDI and percent yield of s-PAES polymers under various 
concentration conditions   
Reaction A2 Concentration 
 (wt/v) % 
% 
yield 
Mn Mw PDI 
1 5a 38 79 17,578 160.897 9.153 
2 5b 38 79 14,737 79,384 5.386 
3 5d 38 81 15,706 46,733 2.975 
4 5a 64 75 10,275 33,438 3.254 
5 5b 64 64 38,422 196,073 5.103 
6 5c 64 62 11,979 37,996 3.172 
7 5d 64 71 14,022 57,945 4.132 
8 6a 38 80 13,597 27,983 2.058 
 
• Reaction temp. 180 oC 
• Solvent NMP 
• Time 22 hours 
• 2.5 equivalent K2CO3 
• 5 weight % was added at the end of each reaction 
 
  From reactions 2 and 5 it is fair to assume that increasing the concentration 
increases the intermolecular polymerization and decreases the intramolecular 
cyclization resulting in high molecular weight polymers. As can be seen the Mn 
value for 5b (14,737 Daltons) is doubled to (38,422 Daltons), while the amount of 
cyclic species is dramatically reduced when the concentration is increased from 38-
weight % to 64-weight %. The SEC traces illustrated in figure 9, show a major 
reduction in cyclic species and a dramatic increase in the average number molecular 
weight, Mn, and average weight molecular weight values, Mw. 
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Figure 9:  SEC traces of polymers at 38 weight % and 64 weight % concentrations for 
reactions 2 and 5 
 
The increased accessibility of the acid group became apparent when the salt form 
of the polymers showed solubility in hot water. The systems were dissolved in water and 
precipitated out of H2SO4 to obtain the acid form. While dissolving the samples it was 
observed that the solubility of the polymers increased with decreasing equivalent weights, 
as expected. The Ion Exchange Capacities and Equivalent Weights for s-PAEs prepared 
from a variety of bisphenols are listed in Table 2.  All of the IEC and EW values are 
within the range of the best materials that are currently available26.  
Table 2.  Ion Exchange Capacities (IEC) and Equivalent Weights (EW) of Sulfonated 
PAEs prepared from 4 and a variety of bisphenols. 
 
Bisphenol IEC (mequiv./g) EW (g/mol) 
4,4’biphenol 2.09 480.5 
hydroquinone 2.46 406.4 
Bisphenol A 1.91 523.6 
Bisphenol AF 1.59 628.9 
4,4’-dihydroxyphenyl ether 2.10 497.5 
30 
 Tough peelable films were solution cast from dilute DMSO solutions 
(approximately 5 weight percent) on a glass slide and vacuum dried at 150°C. Figure 10 
demonstrates freestanding films of the salt form of 5b unperturbed (left) and folded 
(right), prepared in our lab. 
 
 
Figure 10:  Free standing films of the salt form of 5b unperturbed (left) and folded 
(right). 
 
 1H and 13C NMR spectroscopy were used to characterize the four sulfonated 
polymers and the 4,4’-bisphenol copolymer. The NMR results allowed for structural 
determination and confirmation for each polymer. Integration and Chemdraw estimations 
were utilized to assign the 1H NMR signals of all the polymers. Representation of the 
homopolymer/ copolymer 4,4’-bisphenol polymer for 1H and 13C NMR are illustrated in 
figures 11 – 12 respectively.  
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Figure 11a: 300 MHz 1H NMR 4,4’-bisphenol homopolymer  
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Figure 11b: 75.5 MHz 13C NMR 4,4’-bisphenol homopolymer 
 
 
 
32 
2.53.03.54.04.55.05.56.06.57.07.58.08.5 ppm
S OO
OF
SO3-Na+
O O O H
S OO
n m
6
y H2O
DMSO
 
 
 
Figure 12a: 300 MHz 1H NMR 4,4’-bisphenol homopolymer  
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Figure 12b: 75.5 MHz 13C NMR 4,4’-bisphenol homopolymer 
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Thermal Analysis 
 The thermal properties of the sulfonated polymers were analyzed using differential 
scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA).  
 DSC was utilized to determine the glass transition temperature, Tg. The Tg is highly 
affected by intermolecular interactions and the rigidity of the A2 and B2 monomer units. 
Both factors are present in this, thus the increased sulfonation afforded more 
intermolecular interaction by pendant ions and the addition of a rigid A2 monomer such 
as 4,4’-biphenol, hinders the free rotational ability of the membrane thus increasing the 
glass transition temperature59. In other words, the more rigid the A2 monomer, the higher 
the Tg will be.  Stacked traces of the glass transition temperature for the salt and acid 
forms of 5a-d and 6 are illustrated in figures 13 and 14, respectively.  
 
Figure 13: stacked DSC traces of polymers 5a-5d salt form. 
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Figure 14: stacked DSC traces of polymers 5a-5d acid form.  
 As expected the rigid 4,4’-bisphenol displayed the highest Tg (295 oC), while the 
least rigid diphenyl ether possessed the lowest Tg (263 oC). The salt forms of the 
polymers possessed higher Tg values than the acid forms due to the fact that the 
intermolecular forces between the ionic bonds in the salt forms are much stronger than 
the hydrogen bonds in the acid forms. Thus, it will require more heat to rotate portions of 
the backbone in the salt form resulting in a higher Tg value. The new polymers also seem 
to possess lower Tg values compared to the 50/50 copolymers (SDFDPS)36 . This is due 
to the presence of the acid group on the pendant moiety, which can rotate more easily 
around the backbone of the polymer compared to the copolymer. This is presumed since 
there is considerably more steric hindrance in the SDFDPS system than in 4. 
 S-PEAs are of particular interest for PEMFC applications due to their high thermal 
stability. Therefore, the Thermo-oxidative behavior of all the sulfonated 
polymers/copolymers was investigated by TGA programmed from 100 to 600 oC at a 
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heating rate of 10 oC/min under nitrogen. A two-step degradation profile was observed for 
all polymers in their salt-form and acid form as illustrated in Figure 15 and 16 
respectively.  The first weight loss is likely due to a desulfonation process, while the 
second weight loss peak is most likely due to main chain polymer degradation33. The 5% 
weight loss temperatures for 5a-5d, 6 and literature data for SDFDPS are given in table 
3. Polymers 5a-5d showed excellent thermal stability. Even though these polymers were 
dried for 48 hours, about 1% weight loss was observed around 150 oC. This is possibly 
due to the presence of tightly bound water molecules associated with the sodium salt 
form33 . 
 
Figure 15: Influence of polymer composition (salt form) on the TGA thermograms, 
under nitrogen at 10 oC/min.  
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Figure 16: Influence of polymers composition (acid form) on the TGA thermograms, 
under nitrogen at 10 oC/min.  
 
 
 From the TGA scans above one can observe that the copolymer, 6, displayed in 
figure 16, possesses three degradation steps; we believe that the first degradation 
occurring around 200 oC is due to the presences of NMP in the sample. The second 
degradation temperature does not start until about 415 oC, which is indicative that the 
copolymer is very thermally stable at elevated temperatures. 
  The T5% and Tg values of 5a, 5b, 5c, 5d, 6a for both the acid and salt forms are 
listed in table 3 in comparison to the 50/50 copolymer PBPS-5036. From the table, one 
can conclude that the new polymers do possess thermal stability comparable to the 
currently available membranes. As expected the new systems showed slightly higher 
thermal stability than that of the PBPS-50 membranes. 
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Table 3: TGA and DSC values for 5a-d polymers and 6a copolymer 
Reaction T5% (oC) a Tg (oC) b 
 
 
Sodium Acid Sodium Acid 
PBPS-50 c 498 356 277, 303 ----- 
5d 472 367 296 183 
5b 394 358 279 199 
5a 403 307 265 231 
5c 311 333 264 240 
6a 263 -- 275 -- 
 
a The 5% weight loss temperatures by TGA at 10 oC/min under nitrogen for 
acid and sodium form membranes 
b Glass transition temperature, Tg, by DSC at 10 oC/min under nitrogen for 
acid and sodium form membranes 
c Literature value for 50/50 copolymer PBPS-50 using 4,4’-bisphenol36 
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Conclusions  
  
 The one step syntheses of the 3-sulfonate-3’, 5’-difluorophenyl sulfone, 4, and the 
3-sulfonated-4, 4’-difluorophenyl sulfone, 8, were achieved by utilizing fuming sulfuric 
acid (< 27 % SO3) at 40 oC. The sulfonic acid group was substituted in the meta position 
on the pendant phenyl sulfonyl moiety. The sulfonic acid group was then titrated to the 
sodium sulfonate with sodium hydroxide. The monomers were characterized by GC/MS, 
1H and 13C NMR spectroscopy.  
 Polymerization of 4 under typical nucleophilic aromatic substitution conditions 
with a variety of different bisphenols, 3a-d, afforded high molecular weight polymers 
with Mn values ranging from 13,000 to 38,000 Daltons and PDIs ranging from 2.1 to 9.2. 
The polymers were also characterized by 1H NMR and 13C NMR spectroscopy. 
Tough, ductile membranes were successfully cast from DMSO. 
 The new polymers displayed Tg values of 264, 265, 275, 279, 296, for the salt form 
and from 183 oC to 240 oC for the acid form, for samples prepared from diphenol ether, 
bisphenol A, copolymer 4,4’-bisphenol, bisphenol AF and 4,4’-bisphenol, respectively. 
They also possessed high thermal stability with 5% weight loss temperatures from 310 oC 
to 472 oC for the salt version and from 307 oC to 367 oC for the acid form. 
 In summary a series of thermally stable s-PAEs bearing the acid group on a pendant 
phenyl sulfonyl moiety has been developed and such compounds are promising for use in 
PEMFC. 
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III. Experimental 
 
Instrumentation and chemicals 
 All reactions were carried out under nitrogen and all chemicals were transferred 
using syringes.   
 
Solvent Purification  
 N-methyl pyrrolidinone, NMP, was dried over CaH2 and distilled under nitrogen 
before use. Tetrahydrofuran, THF, was dried over sodium/ benzophenone and distilled 
before use. Toluene was dried over and distilled from sodium/ benzophenone before use. 
Powdered K2CO3 was dried at 130 oC in an oven before use. Fuming sulfuric acid 
containing oleum (30% SO3) was purchased from Aldrich chemical Co and was used as 
received. 
  The 1-bromo-3,5-difuorobenzene and benzene-sulfonyl chloride used in the 
synthesis of 1 (B2 monomer) were purchased from Aldrich. 4,4’-Bisphenol and diphenyl 
ether were recrystallized from toluene and dried under vacuum before use. Bis-phenol-A 
and bis-phenol AF were recrystallized from ethanol/water and dried under vacuum prior 
to use.   
  Proton, 1H, and Carbon, 13C, Nuclear Magnetic Resonance, NMR spectra were 
acquired using a Bruker AVANCE 300 MHz instrument operating at 300 and 75.5 MHz, 
respectively.  Samples were dissolved in appropriate deuterated solvents (DMSO-d6, 
CDCl3, or D2O), at a concentration of  (30 mg / 0.7 mL). SEC analyses were performed 
using a Viscotek Model 300 TDA system equipped with refractive index, viscosity, and 
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light scattering detectors operating at 70 oC. Two polymer laboratories 5 μ m PL gel 
Mixed C columns were used with NMP (with 0.5% LiBr) as the eluent and a Thermo 
separation Model P1000 pump operating at 0.8 mL/ minute. DSC and TGA analysis were 
carried out under nitrogen on TA Instruments DSC Q200 and TGA Q500, respectively, at 
a heating rate of 10 oC/ min. 
 
Synthesis of 3,5-difluorophenyl Sulfone, 1 
 The synthesis of the 3,5-monomer was carried out according to a previously 
published procedure61. In a 500 mL round-bottomed flask equipped with a stir bar, 
condenser, and an addition funnel; under continuous flow of nitrogen, 2.86 g of Mg 
turnings and approximately15mL of THF enough to cover the metal were added. A 
solution of 22.78g of 1-bromo-3, 5-difluorobenzene and 62 mL of THF was added slowly 
through an addition funnel to the stirred Mg at room temperature. The solution was then 
allowed to react for 3 hours upon the complete addition of the mixture to the Mg. The 
resulting solution of 3,5-difluorophenylmagnesium bromide was transferred to an 
addition funnel and added drop-wise to 31.28g (22.60 mL) of benzenesulfonyl chloride 
and 85 ml of THF at 0oC. The reaction mixture was then allowed to react over-night 
followed by refluxing for 2h. 1 M HCl solution was used to acidify the reaction mixture; 
two layers were separated (organic and water). The water layer was drained out and was 
washed three times with 100 mL increments of ethyl ether. The water layer was then 
separated and the ethyl ether layer was added to the organic layer, followed by 3 washes 
with distilled water, 5% NaHCO3, and again with 3 washes of distilled water. The ethyl 
ether layer was then dried over MgSO4 (2 hrs), filtered, and then driven to dryness by the 
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use of a rotary evaporator. The resulting solid was then recrystallized from EtOH/H2O 
followed by EtAcO/Hexane. The precipitate was then dried under vacuum for two days to 
afford 19 grams (63 %) of 1, mp = 101-103 oC. 1H NMR (CDCl3, δ): 7.00 (tt, 1H); 7.45 
(m, 2H); 7.58 (d, 2H); 7.62 (m, 1H); 7.95 (d, 2H); 13 C NMR (CDCl3, δ): 108.8 (t); 111.2 
(d); 128.0 (s); 129.6 (s). 
 
Synthesis of 3-sulfonated-3’,5’-difluorophenyl Sulfone, 4 
 Sulfonation of 3,5-difluorophenyl Sulfone was carried out by electrophilic 
aromatic substitution. In a round bottom flask equipped with a stir bar and condenser, 8.0 
g (31.45 mmol) of 1 was added followed by the addition of ~12 mL (32.40 mmol) of 
fuming sulfuric acid. The reaction was heated under nitrogen for 6 hours at 70oC. 
 The resulting dark brown solution was diluted with 300 mL of DI H2O. The 
solution was completely soluble in water, which indicated that all of the starting material 
was sulfonated. The solution was then “salted out” as follows: 
Approximately 60 g of NaCl was added slowly to the solution. The solution changed 
color to a light cream color and a considerable amount of organic material precipitated. 
The precipitate was then isolated by vacuum filtration and left to dry under vacuum over 
night. The powder was then dissolved in 300 ml of water. Some insoluble materials were 
present in solution; vacuum filtration was then utilized to remove any insoluble materials.  
The solution was then neutralized with 5 M NaOH to a pH of 7 [~ 5ml NaOH (5M)] was 
needed to change the solutions pH from pH 2 to pH 7). The solution was kept in an ice 
bath to avoid the fluorine from reacting. The solution also changed color from light 
brown to very dark brown. The solution was then immediately “salted out”. It took about 
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30 grams of NaCl until it reached the end point. Vacuum filtration was then utilized to 
isolate the crystals, which were left to dry under vacuum overnight. The product was then 
recrystallized from 9:1 isopropanol/water and dried in a vacuum at 140 oC for 48 hours to 
provide 7.5 grams (67 %) of white powder.  1H NMR (D2O, δ): 7.3 (tt, 1H); 8.15 (m, 2H); 
8.37 (t, 1H); 7.65 (m, 2H); 7.65 (m, 1H). 13C NMR (D2O, δ): 110 (t); 161-164.5 (dd); 112 
(dd); 142 (t); 144 (s); 131.3 (s); 131 (s); 124.5 (s); 130.5 (s); 139.5 (s).  
 
Synthesis of 3-sulfonated-4,4’-difluorophenyl sulfone, 8 
 The monosulfonation of 4,4’-difluorophenyl Sulfone was carried out by 
electrophilic aromatic substitution, similar to the procedure described previously. In a 
round bottom flask equipped with a stir bar and condenser, 1.001g (3.9 mmol) of 4,4’-
difluorosulfone was added followed by the addition of 0.5 mL (3.5 mmol) of fuming 
sulfuric acid. The reaction was heated under nitrogen for 20 hours at 70oC. 
 The resulting dark brown solution was diluted with 100 mL of DI H2O. The 
solution was completely soluble in water. The solution was then “salted out” as follows: 
Approximately 30 g of NaCl was added slowly to the solution. The solution changed 
color to a light cream color and all of the organic materials were precipitated out of 
solution. The precipitate was then isolated by vacuum filtration and was left to dry under 
vacuum over night. The filtered precipitate was then dissolved in 100 mL of water. Some 
insoluble materials were present in solution and vacuum filtration was then carried out to 
get raid of any insoluble materials. Approximately 5 mL of 5M NaOH was utilized to 
neutralize the cooled solution to pH of 7. The solution was then immediately “salted out” 
with 30 grams of NaCl until it reached the end point. Vacuum filtration was then utilized 
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to isolate the crystals, which were left to dry under vacuum overnight. Efforts were taken 
to recrystallize the product but unfortunately we were unable to purify the product. 1H 
NMR (D2O, δ): 7.35 (dd, 2H); 8.05 (dd, 2H), 8.17 (m, 1H); 8.35 (dd, 1H); 7.51 (t, 1H). 
 
General procedure for polymerization reactions of 5a-d 
   A typical polymerization reaction for all sulfonated polymers will be described 
using the 4,4’-bisphenol system: 0.2645g (1.4 mmol) 4,4’-bisphenol and 0.4993g (1.4 
mmol) 4 were added to a round bottom flask equipped with stir bar, nitrogen inlet and a 
Dean Stark trap. Next, 2.5 mole equivalent of potassium carbonate was added, followed 
by the addition of 1.5 mL NMP to afford a 64 weight % (w/v) concentration.  1.5 mL of 
toluene was also added, which was used as an azeotropic drying agent.  The reaction 
mixture was heated under reflux at 150ºC for 4 hours to dehydrate the system.  The 
temperature was raised slowly to 180ºC by controlled removal of the toluene.  The 
reaction mixture was reacted for 16 hours during which time the solution became very 
viscous.  After 16 hours, an additional 5 mole % of 4 were added and the mixture was 
heated for two additional hours to afford a highly viscous solution. The solution was 
cooled to room temperature and diluted with 5 mL of NMP.  The solution was isolated as 
swollen strings by addition to stirred (500mL) methanol.  Finally, the filtered polymer 
was vacuum dried at 140ºC for 48 hours.  The homopolymers with other bis-phenols 
were also prepared by this procedure. The polymers were converted to the acid form by 
dissolving the polymers in deionized water and precipitating them out by acidifying the 
solution with concentrated sulfuric acid. Swollen membranes were observed. The 
resulting precipitates were washed several times with deionized water and filtered to 
44 
afford a 75 % yield.  1H NMR (DMSO-d6, δ): 7.02 (t, 1H); 7.8 (d, 1H); 8.05 (s, 1H); 7,95 
(dd, 1H); 7.67 (t, 1H); 7.95 (dd, 1H); 7.25 (m, 1H); 7.25 (m, 1H). 13C NMR (DMSO-d6, 
δ) also detected 14 signals as expected. 
 
Procedure for copolymerization reaction to 6 
 The copolymer synthesis was carried out using the same procedure used for the 
homopolymerization reactions: 0.7461g (4.0 mmol) 4,4’-bisphenol, 0.5211g (2.0 mmol) 
of 1, and 0.7048g (2.0 mmol) 4 were added to a round bottom flask equipped with stir 
bar, nitrogen inlet and a Dean Stark trap. Next, 1.364g (2.5 mole equivalent) of potassium 
carbonate were added. Followed by the addition of 6 mL of NMP to afford 38-weight % 
concentration.  6 mL of toluene was also added, which was used as an azeotropic drying 
agent.  The reaction mixture was heated under reflux at 150ºC for 4 hours to dehydrate 
the system.  The temperature was raised slowly to 180ºC by controlled removal of the 
toluene.  The reaction mixture was reacted for 16 hours during which time the solution 
became very viscous.  After 16 hours, an additional 5 mole % of 4 were added and the 
mixture was heated for two additional hours to afford a highly viscous solution. The 
solution was cooled to room temperature and diluted with 5 ml of NMP.  The solution 
was isolated as swollen strings by addition to stirred (500 mL) deionized water.  Finally, 
the filtered polymer was vacuum dried at 140ºC for 48 hours to afford 70 % yield.  
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VI. Appendix 
 
 
 
Figure 17a: 300MHz 1H NMR diphenyl ether polymer 
 
 
 
 
Figure 17b: 75.5MHz 13C NMR diphenyl ether polymer 
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Figure 18a: 300MHz 1H NMR BisAF polymer 
 
 
 
 
 
 
 
 
Figure 18b: Zoomed in 300MHz 1H NMR BisAF polymer 
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Figure 18c: 75.5 MHz 13C NMR BisAF polymer 
 
 
 
 
Figure 18d: Zoomed in 75.5 MHz 13C NMR BisAF polymer 
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Figure 19a: 300MHz 1H NMR BisA polymer 
 
 
 
 
Figure 18c: 75.5 MHz 13C NMR BisA polymer 
 
 
 
